A questionnaire survey was undertaken to determine the exposure of a study population to campylobacteriosis source risk factors (environmental, water, food) and results were stratified by age, population density and deprivation. Data were gathered using an exposure assessment carried out by telephone in the Grampian region of Scotland. Univariate analysis showed that children aged 5-14 years, living in low population density (0-44 . 4 persons/km 2 ) and affluent areas had elevated exposure to environmental and water risk factors. Multivariate logistic regression analysis revealed that younger age groups and lower population density were significant indicators for most environmental risk factors. The results compared to reported disease incidence in Grampian showed that greater exposure to risk factors does not necessarily coincide with greater disease incidence for age groups, particularly for the 0-4 years age group. Further research is required to explain the relationship between exposure and disease incidence.
INTRODUCTION
Gastrointestinal (GI) pathogens (e.g. Campylobacter, E. coli O157, Salmonella, Cryptosporidium) are a significant cause of disease in humans and they generate economic loss to society [1] [2] [3] . For example, GI infection is estimated to cost the USA $7 . 3 billion [4] and England approximately £750 million per annum [5] . These pathogens cause a range of symptoms from diarrhoea, abdominal pain, fever and vomiting [6] [7] [8] [9] [10] [11] [12] to haemolytic-uraemic syndrome (e.g. E. coli O157) [13, 14] , Guillian-Barre´syndrome (e.g. Campylobacter) [15] and occasionally death (e.g. Campylobacter, Salmonella, E. coli O157, Cryptosporidium) [10, 16, 17] . The number of GI cases is under-reported, with only 1/17 cases of infectious intestinal disease presenting to General Practitioners in England [18] . In the USA, about 1/38 cases of non-bloody diarrhoea and 1/20 of bloody diarrhoea are disclosed [19] . In developed countries, taking into account unreported cases, it is estimated that one third of people are infected each year by foodborne disease [17] . Infection occurs by the transmission of pathogens from animals to humans and can arise via a number of pathways [20] ; three primary (foodborne [21] , waterborne [22] , environmental [23] ), and one secondary (person-to-person transmission [17] ).
Campylobacter is the most common bacterial cause of GI disease worldwide [24] . Cases of human campylobacteriosis tend to be sporadic with few identified outbreaks, making it difficult to identify the source of infection in individuals [17] . However, infection is associated with a wide range of pathways which include unpasteurized milk [25] , travel, contact with domestic animals and pets [24] , eating in restaurants, swimming, barbeques [26] consumption of undercooked poultry [21] , drinking water from private supplies [24] , and accidental ingestion of contaminated mud [27] .
Risk factors denote anything that could be associated with the risk of disease [28] . They can be categorized into either source or population attributable risk factors. Source risk factors are directly associated with the pathway of infection ; for example, the environment (contact with farm animals [17] ), water exposure (drinking from private water supplies [22, 29] ) and food exposure (consumption of contaminated chicken meat [21] ). Population attributable risk factors have an indirect association with infection and include age [30] , population density [31] , and deprivation (e.g. the Carstairs index) [32] . Campylobacter illness has been found to be higher in the 0-4 years age group [33] and in people living in affluent areas [34] .
Epidemiological methods are important for identifying source risk factors of GI pathogens and those individuals at greatest risk, therefore facilitating informed decisions regarding disease prevention [28] . Traditional epidemiological methods used to identify GI pathogen risk factors include case-control studies [24] , cohort studies [18, 35] , and outbreak investigations [36] . However, these have been based on a sub-population (e.g. representative of an outbreak), and have not therefore determined actual exposure to risk factors across the whole population. An additional method used in epidemiological studies is an exposure assessment, which typically takes the form of a questionnaire. Exposure assessments have been used in previous studies including quantifying the affect of sun exposure resulting in skin cancer [37] and managing food safety risks [38] . Campylobacter studies have used exposure assessments to estimate which sources are the most likely cause of human infection [39] . For example, to assess the importance of three key risk factors a study was performed in Switzerland to estimate the exposure to Campylobacter by age groups [40] . However, the study used previous case-control data to identify the exposures and was not based on a cross-section of the entire population. We believe that the work reported in the present study is the first to investigate exposure to risk factors associated with GI pathogens across the whole population.
This study sought to conduct a population-based exposure assessment to determine the importance of source risk factors stratified by population attributes (age, population density, deprivation). The focus was on Campylobacter because of its high disease burden within the human population. Furthermore, comparison of the exposure assessment results with human disease incidence was conducted to observe whether greater exposure is associated with reported Campylobacter infection.
METHODS
The study area was the Grampian region (population 528 634) in northeast Scotland. This area was selected because of its demography and the range of environmental, food and water [e.g. private water supply (PWS)] risk factors to which the population is exposed [41] . The region has residents living across both rural (population density <200 persons/km 2 ) [41] and urban areas. In order for the sample data to represent the study population, information was obtained from the 2001 Scottish census [42] , including population density, age distribution and deprivation score for each of the 102 postcode sectors (e.g. AB23 8**) in Grampian.
A telephone exposure assessment questionnaire survey (n=1061) was conducted between September 2008 and June 2009 to establish the frequency of exposure to Campylobacter risk factors on a population basis. The study included any person who was resident in Grampian region at the time the survey was conducted and who had a phone number accessible in the online directory. Children were incorporated by asking parents or guardians to respond on behalf of their child if they were aged between 0 and 12 years. Participants were randomly selected by postcode sectors in the phone directory, the phone numbers were recorded in a Microsoft Excel 2003 spreadsheet. It was considered important that participants from all postcode sectors were represented in the study data. The phone numbers were dialled until 10 questionnaires were completed for each postcode sector. It was necessary, due to limited resources, to have only 10 questionnaires per sector completed. The participation rate was calculated as 28 %.
Questions included participant's age, gender, occupation and postcode to identify the sociodemographic characteristics of the respondent. Questions covering environmental, water and food exposures, with provided response options, were also asked to determine the frequency of exposure to Campylobacter risk factors over an annual period, the overview of the questions can be seen in Table 1 . The response options were categorized as not exposed (never) and exposed (annually, monthly, weekly, every day) to quantify the exposure people had to the risk factors. The answers were recorded in SNAP survey software and then exported into Microsoft Excel 2003 for analysis.
Responses were stratified by the population attributes of age, population density and deprivation. The survey data were divided into age groups to reflect the Grampian population and fitted to the age structure of the region (0-4, 5-14, 15-64, o65 years) [42] . The population density groups were split so that each contained similar population numbers (0-45 . 2, 45 . 3-249 . 8, 249 . 9-1789 . 7, 1789 . 8-3106 . 4, 3106 . 5-11 970 . 6 km 2 ). The Carstairs index was used as a measure of deprivation as it was attainable at postcode sector level and based on the 2001 census. It was originally developed by Carstairs & Morris in the 1980s based on the 1981 census and used the four census variables of unemployment, overcrowding in homes, car ownership and low social class as indicators of socioeconomic status. As the Carstairs index is based on the census it should provide unbiased results for the resident population [43] . The Carstairs index gives a score from +6 (most deprived) to x6 (least deprived) in Grampian. The deprivation indices were grouped together to avoid producing a sample size that would be too small (x6 to x5, x4, x3 to x2, x1 and 0 to 6).
The study sample collected was found not to correspond to the Grampian population because there was over representation of the elderly and people living in the lowest population density areas. Therefore the original study data were reduced by randomly sampling the data using PopTools in Microsoft Excel 2003. To remove the sample bias, the data were first arranged by age and the oldest age group was selected and shuffled. From this a random number was chosen before the remaining data were combined. Then the data were arranged by population density groups and the lowest population density group was chosen and shuffled. A random number was selected and then reunited with the remaining data. Each population attribute was summed and a binomial confidence calculation performed to compare with the Grampian population. The procedure was performed several [46] to assess if the different population attribute groups had significantly higher exposure compared to the reference categories (o65 years, 3106 . 5-11 970 . 6 km 2 , 0-6). The average annual exposures for each pathway risk factor were stratified by population attribute and calculated. For each response option a frequency of time was assigned (never=0, annually=1, monthly=12, weekly=52, every day=365). To obtain the mean and CI values of the overall frequency of exposure to the risk factors the Monte Carlo method was used with 10 000 simulations after the data had been re-sampled using PopTools. The mean was the average number of times people in particular population attribute groups were exposed to the risk factor pathways (see online Supplementary material). PWS consumption data were obtained by calculating the number of glasses of water consumed per day. The 95 % CIs were generated by bootstrapping with 10 000 simulations (PopTools version 3.1.1) [47] .
Identified Campylobacter cases in Scotland are routinely reported by the clinical diagnostic laboratories. Non-identifiable patient age, postcode aggregated data on Campylobacter cases between 2000 and 2006 were obtained for Grampian. For each case the population density and deprivation score were determined. There was no source risk factor information provided with the cases. Participants' occupation data was used in univariate logistic regression to discover if employment was a significant risk factor. Further analysis was conducted by multivariable logistic regression (Egret 1 , Cytel, USA) to investigate the relationship between the population attributable risk factors and each source risk factor. The logistic regression tested to discover if any significant ORs were produced. Inclusion of multivariate analysis was selected by variables in univariate analysis that had a P value of <0 . 2.
RESULTS AND DISCUSSION
Univariate analysis of the frequency of exposure to the source risk factors (OR) was stratified by the three different population attribute categories : age, population density and the Carstairs index ; the results are shown in Figures 1-3 , respectively. The 5-14 years age group (Fig. 1 ) was found to have the greatest exposure to the majority of source risk factors investigated compared to the o65 years group. This included visiting farms and crossing fields, handling farm animals, contact with live chickens, contact with fresh water or sea water and consumption of beefburgers. The o65 years age group had the least exposure (Fig. 1 a-c) . Comparing the age-related exposure results with the incidence of Campylobacter disease in Grampian (Fig. 1 d) , we found the 0-4 years age group to have the greatest number of cases and the 5-14 years age group the least, indicating that greater exposure does not necessarily result in higher disease incidence. It is not clear why this difference exists and further investigation is required. However, it may be that those aged 0-4 years are more susceptible to infection because of low immunity or due to behavioural factors (e.g. poor hygiene, with young children particularly prone to putting their hands and toys, etc. into their mouths [31, 48] ). It is unclear why the 5-14 years age group has the lowest incidence, despite relatively high exposure to source risk factors. This could be due, to some extent, to immunity acquired as age increases [33] .
The o65 years age group was found to have the least exposure to many of the source risk factors, except for consumption of poultry. The reduced exposure to environmental source risk factors could be due to behavioural differences in older people ; e.g. mobility or health problems preventing engagement in outdoor pursuits. This finding is in agreement with Campylobacter disease incidence in Grampian which shows elderly people as having lower incidence (Fig. 1 d) . Furthermore, in England and Wales [49] and Scotland [33] reports of Campylobacter infection also indicate a decline in incidence for those aged o70 years.
Considering population density as an exposure risk factor (Fig. 2) , living in a low-density area was found to be significant for greater exposure to environmental source risk factors (Fig. 2 a) . In particular, people living in areas of 0-44 . 4 persons/km 2 had greater exposure to visiting farms and crossing fields with farm animals present, handling farm animals, contact with live chickens, and use of a PWS. Other source risk factors were not significant for population density. When the OR findings were compared with Campylobacter disease incidence in Grampian, it was found that a higher incidence of cases occurred in the sparsely populated areas where there is greater exposure to source risk factors (Fig. 2 d) , indicating a connection between environmental exposures and disease incidence. A previous study [50] has indicated the importance of residing in rural areas by reporting an association between living in an area with a high ruminant density and Campylobacter incidence.
Water supplies and specifically PWS have been reported to cause Campylobacter infection [51] [52] [53] . A large number (12 %) of properties in Grampian have a PWS, which is higher than other Scottish regions. This may explain why exposure to a PWS was shown to be an important risk factor for people living in low population density areas. The findings in this paper suggest that a possible target for public health protection would be people living in rural areas and particularly those with a PWS. Those living in affluent areas (Carstairs index x6 to x4) (Fig. 3) had greater exposure to Campylobacter source risk factors for visiting farms and crossing fields, handling farm animals, contact with live chickens, contact with fresh water and salt water, and use of a PWS (Fig. 3 a-c) . Again, this accords with Campylobacter disease incidence in Grampian Significant difference between the lowest and highest density groups is determined by comparison to the reference group which is 3110 . 9-11 970 . 6 km 2 (a-c). Significance is denoted by *P=0 . 05-0 . 01, **P=0 . 01-0 . 001 and ***P<0 . 001 for all graphs.
( Fig. 3 d) [34] . The result may be explained by the behaviour of people living in affluent areas ; e.g. they may be more likely to report illness when they are infected [54] . Further, this study (data not presented) observed that for employed participants only exposure to beefburgers was a significant source risk factor. The finding implies that employed people would more frequently eat beefburgers than 'unemployed people ' (this includes, unemployed, students and the retired). The exposure to beefburgers may strengthen the argument that diet is an important risk factor for deprivation and campylobacteriosis (see online Supplementary material). Frequently eating in restaurants and the consumption of high-risk foods such as rare or undercooked meats and imported fresh produce have also been suggested as possible explanations for differences between Campylobacter incidence in deprived and affluent areas [32, 54] . Travel abroad is an important risk factor that should be taken into consideration as it may account for 20% of Campylobacter cases in the UK [55] . Frequent foreign travel has been associated with affluence and, therefore, it could be a risk factor that contributes to the increased incidence in more affluent areas. By contrast information on foreign travel [56] shows that the 0-4 and o65 years age groups infrequently take trips abroad. This indicates that the source of infection for those aged 0-4 years is of indigenous origin and that foreign travel is not an important cause of infection in the o65 years age group.
Thinking more broadly about GI pathogen risk, the approach and findings adopted in this study can be applied to other GI pathogens, such as E. coli O157, Salmonella and Cryptosporidium, as these have a number of similar source and population attribute risk factors [17, 29, 57] . It is interesting to note, for example, that the age-related disease incidences for E. coli O157 [58] , Salmonella [59] and Cryptosporidium [29] indicate a higher number of cases in the 0-4 years age group, which does not conform to the findings in this study of greatest exposure in the 5-14 years age group. By contrast our findings of greater exposure for those living in low population density areas are consistent with E. coli O157 disease incidence, as twice as many cases have been reported for rural areas compared to urban areas [60] . Similarly, it has been reported that Cryptosporidium has a higher incidence in rural areas [29] . The finding of greater exposure in affluent areas is also consistent with studies of other bacterial GI infections which indicate a relationship between increasing socioeconomic status and increasing risk of infection ; for example, in relation to Shigella and Salmonella Enteritidis [32] . To understand further the relationship between the risk factors, additional investigations are required. To achieve this multivariate logistic regression was employed.
The multivariate logistic regression analysis (Table 2) showed that the elderly and those living in highly populated areas had significantly less exposure to visiting farms and crossing fields, and handling farm animals. Contact with live chickens and those with a PWS were found to be significant for people living in rural areas, while consumption of chicken and turkey were significant for those living in affluent areas. It was established that the younger age group had higher exposure to beefburgers and paddling or swimming in fresh water or salt water compared to other population groups. The multivariate analysis reduced the number of significant risk factors compared to the univariate methodology. For example visiting farms and handling farm animals were also significant for those living in affluent areas. Children (5-14 years) and people living in affluent areas were additionally significant for exposure to contact with live chickens. Those with a PWS were also significant for people living in affluent areas and there were no significant population attributes for consumption of chicken and turkey. Finally, exposure to source risk factors associated with affluence were no longer significant where they previously were in the univariate results (except for chicken and turkey consumption). This study had a number of limitations including sample bias, which was resolved, and not taking into account under-reporting when the incidence levels for Campylobacter in Grampian were calculated (this may vary by socioeconomic status and age). Additional bias may have been introduced by people who were more likely to be at home the time of day the survey calls were made and the type of person who would be more willing to participate in the study.
Campylobacter incidence exhibits seasonality in temperate countries and peaks in May in the UK [61] , this may in part be due to increased environmental risk at this time of year [62] . In the present study, data were collected on the total average exposure across a whole year, so it was not possible to extract seasonal differences although these are likely to occur. A further extension of the approaches described here could be in ecological studies. For example, in these types of study (e.g. Friesema et al. [63] ) spatial regression methods are used to correlate human disease cases with risk factors such as animal densities. The data collected in the present paper includes frequency of exposure which is likely to be a better indicator of risk.
In conclusion, a questionnaire-based exposure assessment was used to determine the frequency of exposure of a population to source and population attributable risk factors (we believe for the first time). This study suggests elevated exposures to source risk factors in Grampian associated with Campylobacter were for older children (5-14 years), people living in low population density areas (0-44 . 4 persons/km 2 ), and those living in affluent areas (Carstairs index x6 to x4). Multivariate analysis revealed that younger age and living in lower population density areas were significant indicators for most environmental source risk factors. These findings may be used to inform public health protection policy by assisting in targeting the people who are potentially at greater risk of infection. However, our comparison of exposure assessment findings compared with Campylobacter disease incidence suggests that greater exposure does not always result in greater incidence. This was particularly evident for the 0-4 years age group and further research is required to establish the mechanisms of Campylobacter infection in this group. It is possible that behavioural factors in young children such as poor hygiene (hand to mouth behaviour) and decreased immunity are important. Hence, improved understanding of both behaviour and immunity are required in order for public health to develop strategies to reduce the burden of these GI pathogens.
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